Nanoparticle (NP) based drugs have reached the clinical mainstream, with established efficacy predominantly in oncology and infectious diseases.[@cit1]--[@cit3] In addition, NPs are of interest as carriers of diagnostic agents capable of unique behavior and biodistribution patterns not observed for small molecule analogues.[@cit4] To this end, several strategies for the incorporation of imaging reporters within NPs have been introduced, allowing for NP visualization using, among other modalities, fluorescence,[@cit5] ultrasound,[@cit6] CT,[@cit7] MRI,[@cit8] and nuclear imaging.[@cit8],[@cit9] Of these modalities, MRI offers several advantages including exquisite anatomic co-registration with excellent tissue characterization, lack of ionizing radiation, and in general, provides high quality images at clinically relevant imaging depths. In turn, many NP-based MR imaging strategies have been explored using either inorganic[@cit6],[@cit7],[@cit10]--[@cit14] or soft polymeric organic materials as contrast agents.[@cit15]--[@cit18]

Herein, we set out to prepare amphiphilic block copolymers for the formation of micellar NPs, in which the hydrophilic block would consist entirely of a Gd-based contrast agent for MRI. In developing this type of material, we sought a synthetic route through which the Gd^3+^ functionalized monomers are introduced directly into the polymer *via* a living polymerization approach, obviating the need for post-polymerization conjugation strategies, or ligand metallation processes.[@cit19]--[@cit23] We then studied these materials as MRI contrast agents using *in vitro* techniques (nuclear magnetic resonance dispersion, NMRD) as well as *in vivo*, live animal imaging in mice.

Results and discussion
======================

We prepared amphiphilic block copolymers from hydrophobic monomer **1** and hydrophilic monomer **2** ([Fig. 1](#fig1){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). Monomer **2** is a novel compound, synthesized specifically for direct incorporation of a modified Gd-DOTA moiety *via* living, ring-opening metathesis polymerization (ROMP).[@cit24],[@cit25] The norbornenyl-Gd-DOTA monoamide enables visualization with standard *T*~1~-weighted MRI. Importantly, monomer **2** is complexed to Gd^3+^ prior to its incorporation into synthetic polymers. To our knowledge, this represents the first demonstration of a Gd^3+^-labeled polymer prepared entirely by direct polymerization. Examples of Gd^3+^-labeled polymers and soft NPs to date have employed post-polymerization metal chelation, requiring subsequent purification steps and removal of excess Gd^3+^.[@cit26] Gratifyingly, we were able to avoid this, given that **2** was consumed during ROMP reactions (Fig. S2 and S3[†](#fn1){ref-type="fn"}).

![General synthetic scheme of Gd^3+^-containing block copolymer synthesis and particle characterization by electron microscopy of spherical micellar nanoparticles (SMNs) and fibril-shaped micellar nanoparticles (FMNs). (a) Polymer synthesis results in amphiphilic block copolymers. (b) Negative stained TEM of SMN. (c) Unstained BF-STEM of SMN. (d) Unstained HAADF-STEM of SMN. (e) Negative stained TEM of FMN. (f) Unstained BF-STEM of FMN. (g) Unstained HAADF-STEM of FMN.](c6sc00342g-f1){#fig1}

Following synthesis, solutions of polymers **1**~210~-*b*-**2**~4~ and **1**~42~-*b*-**2**~2~ were subjected to slow transition from DMSO to water *via* dialysis, thus inducing the assembly of micellar NPs. NP structure was determined by transmission electron microscopy (TEM) and scanning TEM (STEM). For **1**~210~-*b*-**2**~4~, negative stain TEM revealed spherical micellar nanoparticles with low dispersity (with average diameter of 25 nm and standard deviation of 2.9 nm, see Fig. S4;[†](#fn1){ref-type="fn"} hereafter referred to as SMN, [Fig. 1b](#fig1){ref-type="fig"}). Unstained, bright field STEM (BF-STEM) demonstrated close packing of NPs with dark rings around the coronas, as would be expected for a NP bearing a heavy element (*i.e.* Gd^3+^) in the corona ([Fig. 1c](#fig1){ref-type="fig"}). This is supported by unstained high-angle annular dark field (HAADF) STEM coupled with energy-dispersive X-ray spectroscopy (EDS), which confirmed the presence of Gd^3+^ in the shell of the particle indicated by bright halos (*Z*-contrast) around the outer edges and characteristic X-ray edges of Gd^3+^ ([Fig. 1d](#fig1){ref-type="fig"} and S5[†](#fn1){ref-type="fn"}).

Similar microscopy characterization was performed on NPs derived from **1**~42~-*b*-**2**~2~. Negative stain TEM, unstained BF-STEM, and unstained HAADF-STEM analysis revealed a predominantly fibrillar morphology, with Gd^3+^ present within the shell ([Fig. 1e--g](#fig1){ref-type="fig"} and S6[†](#fn1){ref-type="fn"}). We refer to these predominantly fibril-shaped NPs as fibrillar micellar nanoparticles (FMN), but note that the FMN formulation was not an entirely homogeneous phase, containing a minor component of spherical NPs. Indeed, mixed phases are common for cylindrical micelles.[@cit27] However, FMN represents approximately 95% of the sample, as determined by TEM image analysis (Fig. S7 and Table S1[†](#fn1){ref-type="fn"}). Importantly, the two NP formulations are stable as SMN or FMN for periods in excess of 14 months in aqueous media (Fig. S8 and S9[†](#fn1){ref-type="fn"}). Moreover, cryo-TEM revealed that NPs remain identifiable following incubation in blood serum at 37 °C for one week (Fig. S10 and S11[†](#fn1){ref-type="fn"}).

SMN and FMN were further characterized by nuclear magnetic resonance dispersion (NMRD) analysis to investigate the basic magnetic properties as related to their utility as MRI contrast agents. At 37 °C and neutral pH, the NMRD profile of both NPs show the characteristic line-shape of macro-/supramolecular structures due to a reduction in rotational tumbling rate ([Fig. 2](#fig2){ref-type="fig"});[@cit28],[@cit29] this is markedly distinct from the NMRD line-shape of Gd-DOTA. Notable features in the NMRD profile of the NPs include a region of constant relaxivity at low field strengths (∼0.01--0.5 MHz, 0.0002--0.01 T) for SMN and FMN, with FMN displaying an elevated per Gd^3+^ relaxivity over SMN at all field strengths. Both NPs have a maximum relaxivity at ∼20 MHz (0.5 T); SMN has a maximum per Gd^3+^*r*~1p~ of 15.6 mM^--1^ s^--1^, while FMN demonstrates a favorably elevated *r*~1p~ of 18.5 mM^--1^ s^--1^ ([Table 1](#tab1){ref-type="table"}; for detailed description of NMRD fit parameters, see ESI and Fig. S12[†](#fn1){ref-type="fn"}). We note that the higher per Gd^3+^ relaxivities of SMN and FMN as compared to the mononuclear Gd-DOTA at 20 MHz ([Table 1](#tab1){ref-type="table"}) are competitive (*i.e.* within the same order of magnitude) with other nanoparticle and polymer-based systems.[@cit30],[@cit31] Further, although all three of these systems converge to similar relaxivities at high frequencies, *r*~1~ enhancement for SMN and FMN over Gd-DOTA is still pronounced at 3 T (FMN: +210%; SMN: +169%). Such enhancement is largely due to the improved rotational dynamics for the two paramagnetic NPs combined with an exchange rate of coordinated water sufficiently fast as not to strongly limit the relaxivity.

![^1^H NMRD profiles for Gd-DOTA, SMN, and FMN.](c6sc00342g-f2){#fig2}

###### Relaxation parameters obtained from the analysis of NMRD profiles reported in [Fig. 2](#fig2){ref-type="fig"} [^*a*^](#tab1fna){ref-type="fn"}

            ^20^ *r* ~1p~ (mM^--1^ s^--1^)   *Δ* ^2^ (10^19^ s^--2^)   *τ* ~V~ (ps)   *τ* ~RL~ (ns)   *τ* ~RG~ (ns)   *S* ^2^   *τ* ~M~ [^*b*^](#tab1fnb){ref-type="table-fn"} (ns)
  --------- -------------------------------- ------------------------- -------------- --------------- --------------- --------- -----------------------------------------------------
  SMN       15.6                             0.9                       52             0.19            5.9             0.20      560
  FMN       18.5                             0.7                       53             0.15            2.8             0.25      350
  Gd-DOTA   3.5                              1.0                       7              ---             0.04            ---       122

^*a*^The fitting parameters *a*, ^310^*D*, *q* and *r* were fixed to the values of 4.0 Å, 3.10 × 10^--5^ cm^2^ s^--1^, 1 and 3.0 Å, respectively.

^*b*^Let to vary between 100 and 900 ns.

Next, we performed a pilot study to determine if the Gd^3+^-labeled NPs would serve as MRI contrast agents *in vivo* following IP injection in live mice ([Fig. 3](#fig3){ref-type="fig"}). For these studies, mice were first anesthetized and imaged by MRI prior to injection. For all formulations of contrast agent studied (Gd-DOTA, SMN, and FMN, *n* = 3 for each material), *T*~1~-weighted images obtained immediately after injection demonstrate hyperintense IP signal due to the Gd^3+^ reporter displayed on all injected samples (Fig. S13[†](#fn1){ref-type="fn"}). Each animal was then imaged up to several hours post-injection to track retention in the peritoneal cavity. At two hours following IP injection, no enhanced signal was observed in the IP space of animals post injection of Gd-DOTA ([Fig. 3a](#fig3){ref-type="fig"} and S14a[†](#fn1){ref-type="fn"}). However, enhanced signal was clearly observed in the IP spaces of animals injected with either SMN or FMN ([Fig. 3b, c](#fig3){ref-type="fig"}, S14b and c[†](#fn1){ref-type="fn"}). This enhancement demonstrates that the NP formulations are retained in the IP space longer than Gd-DOTA. In addition, MRI of the urinary bladder of animals following injection of Gd-DOTA demonstrated rapid accumulation of Gd-DOTA, indicating clearance through renal excretion, as expected (Fig. S15[†](#fn1){ref-type="fn"}). This was markedly delayed and less intense in the case of SMN or FMN (Fig. S15[†](#fn1){ref-type="fn"}).

![Axial *T*~1~-weighted images of the abdomen approximately 2 hours following IP injection of (a) Gd-DOTA, (b) SMN, and (c) FMN. See S14[†](#fn1){ref-type="fn"} for additional images of IP space at 2 hours. Phantoms, containing dilutions of the same material, were placed underneath the animal during scanning and used to correct for inter-scan variability. See ESI[†](#fn1){ref-type="fn"} for further description of analysis.](c6sc00342g-f3){#fig3}

After the pilot study, we performed a preliminary *ex vivo* biodistribution analysis to gain insight as to where NPs localized *in vivo* following IP injection. As whole body MRI demonstrated signal enhancement in the liver following injection of NPs (Fig. S16[†](#fn1){ref-type="fn"}), we designed a quantitative analysis of Gd^3+^ in the liver, spleen, and bowel to delineate the accumulation of NPs following IP injection. Notably, this observation of hepatic uptake is consistent with that of others who have observed NP accumulation in the liver following IP injection.[@cit32],[@cit33]

Animals were sacrificed at 2 or 24 hours following IP-injection. The liver, spleen and bowel were harvested and analyzed *via* ICP-MS or ICP-OES for Gd^3+^ content ([Fig. 4](#fig4){ref-type="fig"}; see Fig. S17 and S18[†](#fn1){ref-type="fn"} for individual animal Gd accumulation profiles). In these initial *in vivo* analyses of the materials, SMN appeared to accumulate in the spleen and liver (*n* = 3) at higher concentrations than the bowel at 2 and 24 hours ([Fig. 4](#fig4){ref-type="fig"}). FMN showed less accumulation in the spleen or liver as compared to SMN at 2 hours post-injection (*n* = 3). These data suggest that both NPs are cleared relatively slowly from the IP space.

![Accumulation of SMN and FMN in the spleen (a), liver (b), and bowel (c), at 2 h or 24 h following IP injections as detected by the presence of Gd by ICP-MS and ICP-OES. For each time point *n* = 3, except where indicated with \*, where *n* = 2. Error bars represent standard deviations.](c6sc00342g-f4){#fig4}

Conclusions
===========

We report a new synthetic method for labeling polymers and NPs with a Gd^3+^-based contrast agent through direct polymerization. This procedure ensures that the entire shell of the NPs consists of Gd^3+^-labeled monomers. This route led to the preparation of two different phases of NP, one entirely spherical (SMN), the other predominantly fibrillar (FMN). Preliminary *in vivo* MRI and *ex vivo* elemental analyses suggest that these differently shaped NPs derived from chemically identical starting materials show promise for imaging following IP injection. We note that the concept of shape dependent *in vivo* behavior of NPs has been observed in the context of intravenous (IV) injection by Discher, Caruso, Mitragotri, and others,[@cit34]--[@cit41] but to the best of our knowledge, this report represents the first attempt to begin to address this issue following the clinically important IP injection route. Indeed, direct delivery of small molecule chemotherapeutic agents *via* intraperitoneal injection is a well-established therapeutic paradigm in the treatment of human metastatic ovarian, pancreatic and gastric malignancies[@cit42]--[@cit46] and with this method in hand, future studies will build on these initial *in vivo* observations to further explore and exploit this concept in the intraperitoneal space.

Experimental methods
====================

Monomer and polymer synthesis and characterization
--------------------------------------------------

Monomer **1**, (*N*-benzyl)-5-norbornene-*exo*-2,3-dicarboximide was prepared as previously described.[@cit47]

### Synthesis of Gd-DOTA-MA monomer (**2**)

See [Fig. 1a](#fig1){ref-type="fig"} for chemical structures. 2-(2-Aminoethyl)-3*a*,4,7,7*a*-tetrahydro-1*H*-4,7-methanoisoindole-1,3(2*H*)-dione was prepared as previously described,[@cit22] (50 mg, 0.158 mmol) and dissolved with DOTA-NHS·HPF~6~·CF~3~CO~2~H (100 mg, 0.131 mmol) (purchased from Macrocylcics) in pyridine (0.655 mL). The reaction solution was placed on a vortex overnight. Acetic anhydride (0.309 mL, 3.28 mmol) was added and the reaction mixture was mixed on a vortex mixer for 10 min. Gd(OAc)~3~ (160 mg, 0.393 mmol) was then added to the remaining solution and placed back on the vortex overnight. The reaction was concentrated to dryness to give a light brown residue. The product was then purified by semi-preparative RP-HPLC over a 50 minute linear gradient from 8% to 15% eluant B in eluant A (50 mg, 75%) (see Fig. S1[†](#fn1){ref-type="fn"} for hplc chromatogram and mass spectra). LRMS (ESI) 748.21 \[M + H\]^+^, 770.17 \[M + Na\]^+^, HRMS, expected \[M + H\]^+^: 748.1936, found: 748.1932.

Polymerizations were performed under a dry dinitrogen atmosphere with anhydrous, degassed solvents in a glove box. Initiator (IMesH~2~)(C~5~H~5~N)~2~(Cl)~2~Ru0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CHPh was prepared as described by Sanford *et al.*[@cit48]

### Synthesis of **1**~210~-*b*-**2**~4~

A solution of the initiator (2.44 mg, 0.00335 mmol) in anhydrous 7 : 2 CH~2~Cl~2~ : CH~3~OH (0.129 mL) was added to a stirred solution of **1** (68 mg, 0.268 mmol) in a mixture of anhydrous 7 : 2 CH~2~Cl~2~ : CH~3~OH (2.97 mL) in a glove box. The reaction was left to stir in a glove box for 20 min, after which an analytical aliquot (approximately 32% by volume) was removed and mixed with an excess of ethyl vinyl ether for 30 min, then dried under high vacuum to give a homopolymer of **1** as a solid. To the remaining reaction mixture, a solution of **2** (25 mg, 0.0335 mmol) in anhydrous 7 : 2 CH~2~Cl~2~ : CH~3~OH (0.08 mL) was added immediately following analytical aliquot removal. The reaction was monitored by analytical RP-HPLC (using the same conditions described above for compound **2**, see Fig. S2[†](#fn1){ref-type="fn"}) to ensure complete consumption of **2**. The mixture was left to stir in a glove box for 90 min and then quenched with excess ethyl vinyl ether (0.0251 mL) for 20 minutes, which was concentrated to dryness to give a greenish solid. This was used without further purification until particle formation. The homopolymer and block-copolymer were analyzed by SEC-MALS as shown in Fig. S2.[†](#fn1){ref-type="fn"}

### Synthesis of **1**~42~-*b*-**2**~2~

In a similar manner to the polymerization procedures described above, a solution of the initiator (3.9 mg, 0.005 mmol) in anhydrous CH~2~Cl~2~ (0.8 mL) was added to a stirred solution of monomer **1** (61 mg, 0.24 mmol) in anhydrous CH~2~Cl~2~ (1.4 mL) in a glove box. After 20 min, an analytical aliquot (approximately 20% by volume) was removed and mixed with an excess of ethyl vinyl ether for 30 min, and dried under high vacuum to give a homopolymer of **1** as a solid. To the remaining reaction mixture, a solution of monomer **2** (25 mg, 0.033 mmol), in anhydrous CH~3~OH (0.625 mL) was added immediately following aliquot removal. The reaction was monitored by analytical RP-HPLC (using the same conditions described above for compound **2**, see Fig. S3[†](#fn1){ref-type="fn"}) to ensure complete consumption of monomer **2**. After 90 min, the polymerization was quenched with excess ethyl vinyl ether for 30 minutes. A small aliquot was removed for subsequent analysis. This material was carried on without further purification until particle formation. The homopolymer and block copolymer were analyzed by SEC-MALS, as shown in Fig. S3.[†](#fn1){ref-type="fn"}

Nanomaterial formulation and characterization
---------------------------------------------

### SMN (derived from **1**~210~-*b*-**2**~4~)

Polymer **1**~210~-*b*-**2**~4~ (75 mg, 1.35 μmol) was dissolved in DMSO (2.5 mL) and the solution was sonicated until fully dissolved. A solution of 1 : 1 DMSO : H~2~O (2.5 mL) was added drop wise. The cloudy polymer mixture was sonicated for 15 minutes, then transferred to a 3500 MWCO snakeskin dialysis tubing (Pierce) and dialyzed against a 1 : 1 DMSO : H~2~O solution (2 L). After 24 hours, the milky solution was removed from dialysis and H~2~O was added drop wise (2.5 mL) to the polymer mixture. This mixture was then transferred to a 10 000 MWCO snakeskin dialysis tubing and dialyzed against 2 L of H~2~O. After 24 hours, H~2~O (2.5 mL) was added to the dialysis bag and the dialysate was refreshed with 2 L of H~2~O. Dialysis was allowed to continue for 24 hours. The sample was removed from dialysis and the tubing was rinsed with H~2~O (3 × 1 mL) into the polymer sample. The sample was further diluted with 25 mL of H~2~O, which was then sonicated for 9 hours. The sample was placed in a centrifuge at 4000 rcf for 6 min. The supernatant was used for all further analysis.

### FMN (derived from polymer **1**~42~-*b*-**2**~2~)

Half of the reaction volume from the synthesis of **1**~42~-*b*-**2**~2~ was diluted to 2 mg mL^--1^ with respect to the starting materials with 7 : 2 CH~2~Cl~2~ : CH~3~OH. This solution was placed into a 3500 MWCO snakeskin dialysis tubing and dialyzed against DMSO for 4 hours. The sample was then dialyzed against 4 : 1 DMSO : H~2~O for 4 hours, followed by 3 : 2 DMSO : H~2~O for 4 hours, followed by 2 : 3 DMSO : H~2~O for 4 hours, followed by 1 : 4 DMSO : H~2~O for 4 hours, then 2 × H~2~O for 4 hours each to yield an opalescent sample, which was used as is for all further analysis.

Transmission electron microscopy
--------------------------------

TEM and cryo-TEM (see [Fig. 1b, e](#fig1){ref-type="fig"}, and Fig. S8--S11) was performed on a FEI Sphera microscope operating at 200 keV. TEM grids were prepared by depositing small (3.5 μL) aliquots of sample onto grids (formvar stabilized with carbon (5--10 nm) on 400 copper mesh, Ted Pella Inc.) that had previously been glow discharged using an Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. The sample grid was then stained with 1% uranyl acetate solution, rinsed with water (∼5 μL), and excess liquid was removed. Micrographs were recorded on a 2k × 2k Gatan CCD camera. Samples for cryo-TEM were prepared by depositing 3.5 μL of sample to a freshly glow discharged Quantifoil R2/2 TEM grid. The grids were blotted with filter paper under high humidity to create thin films and rapidly plunged into liquid ethane. The grids were transferred to the microscope under liquid nitrogen and kept at \<--175 °C while imaging.

STEM and STEM-EDS
-----------------

Images were acquired on a JEOL JEM 2100F TEM equipped with an INCA (Oxford) EDS detector at the University of Pittsburgh, PA. Samples were prepared by drop-casting 5 μL of sample onto TEM grids (ultrathin 5 nm A-type carbon with 400 mesh Copper) followed by slow drying covered on the bench top for at least 3 hours. Samples were then dried under vacuum for 24--48 hours to remove contamination that would interfere with STEM-EDS. STEM-EDS data was collected for 180--600 s at specific points, using the largest probe size (1.5 nm electron beam diameter) with a 200 kV accelerating voltage. Images were collected in bright field (BF) and high-angle annular dark field (HAADF) modes, and grid background subtraction taken.

^1^H NMRD profiles, fitting parameters and description
------------------------------------------------------

See ESI[†](#fn1){ref-type="fn"} for instrumental set-up details. The nuclear magnetic relaxation dispersion (NMRD) profiles allow a detailed characterization of the paramagnetic solutes in terms of a large set of structural and dynamic parameters. The experimental profiles were measured in aqueous solution at 310 K and neutral pH. The best fit parameters, listed in [Table 1](#tab1){ref-type="table"}, were obtained using the standard equations for the inner sphere (IS) and outer sphere (OS) relaxation contributions and by fixing the values of the following parameters: the hydration number (*q* = 1), the Gd-Hw distance (*r* = 3.0 Å), the distance of closest approach of the bulk water molecules (*a* = 4.0 Å) to the metal ion, and the relative diffusion coefficient (*D* = 3.1 × 10^--5^ cm^2^ s^--1^).[@cit28],[@cit29],[@cit49]

In the case of paramagnetic nanoparticles, analysis of NMRD profiles takes into account the occurrence of a relatively fast local rotation of the metal complex superimposed to the global motion of the nanoparticle (Lipari--Szabo approach).[@cit50],[@cit51] This model allows separating the contribution of the overall global rotation of the paramagnetic nanoparticle (*τ*~RG~ = 5.9 and 2.8 ns for SMN and FMN, respectively) from the contribution of a faster local motion (*τ*~RL~ = 0.19 and 0.15 ns for SMN and FMN, respectively) associated with the rotation of the coordination polyhedron about the linker connecting the complex to the nanoparticle. The large difference between the two correlation times indicates that the system is rather flexible and its relaxivity limited by the relatively short value of *τ*~RL~. The correlation of the two types of motions is described by the parameter *S*^2^ whose value is comprised between zero (completely independent motions) and one (totally correlated motions). The parameters for electronic relaxation (*Δ*^2^, *τ*~V~) were used as empirical fitting parameters and do not have a precise physical meaning for these macromolecular systems.[@cit52],[@cit53] The temperature dependence of proton relaxivity was also measured at 0.5 T in order to obtain an independent evaluation of the residence lifetime *τ*~M~ of the coordinated water molecule (Fig. S12[†](#fn1){ref-type="fn"}).

*In vitro* and *in vivo* MRI and analysis of *T*~1~ data
--------------------------------------------------------

See ESI[†](#fn1){ref-type="fn"} for MRI instrumental set-up details and parameters. MR images were acquired on a Bruker 7.0 T magnet, and all animal procedures were approved by University of California, San Diego\'s institutional animal care and use committee, protocol S10145.

Female mice (C57Bl/6) weighing 18 grams were purchased from Harlan Sprague Dawley were anesthetized with 3% isoflurane in O~2~ and subjected to baseline MRI imaging before injection. A total of nine mice (three sets of three) were injected with 550 μL of an aqueous 0.4 mM Gd-DOTA, SMN, or FMN intraperitoneally and imaged continuously under anesthesia for two hours and then again at selected time points of approximately 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 24 h, 48 h, and 1 week (each measurement made under anesthesia). Images of successful IP injections can be found in Fig. S13.[†](#fn1){ref-type="fn"} To correct for minor scan-to-scan variations due to noise, *T*~1~ was normalized to pre-injection phantom relaxivities (see ESI[†](#fn1){ref-type="fn"} for detailed description of *T*~1~ data analysis).

*Ex vivo* ICP-MS analysis of organs
-----------------------------------

Mice were sacrificed using a lethal overdose of \>5% isofluorane and selected organs harvested (see Fig. S16 and S17[†](#fn1){ref-type="fn"}). The liver, bowel and spleen were dissected, placed in separate tubes and their masses were recorded individually. Mass of the entire liver, bowel and spleen was recorded, added to concentrated nitric acid (900 μL), and placed on a shaker overnight, vented. The following morning, concentrated H~2~O~2~ (50 μL) was added to each of the organ solutions and placed back on the shaker, vented, for approximately 30 min. An aliquot (200 μL) of the digested organs was added to distilled DI water (800 μL) and submitted to Exova for ICP-MS analysis to determine Gd^3+^ concentration. Final concentration of Gd^3+^ in each organ was normalized to the organ mass.
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